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I.  iiiTRonjcnoi 

In  th«  ooMldtrmbla  Btodjr  d«Tot«d  to  hlfh  «xploaiT«  d«tonation« 

•ad  thair  r««ulilag  bl&Bt  mbtm,  auoh  ua«  hM  bMB  aad*  of  aocporlaontol 
lAfonMtloa.  (Tho  flrot  throo  roforanoM^^*^*^^  oro  OKaiftloo  of  tho 
oxtaattotiTO  aaaljrooo  pooalblo  froa  oaoh  data.)  With  tho  aoro  poworfhl 
eoapotatioDol  aids  now  oTallahlo,  it  io  pooolblo  to  dorolop  oolutiono 
to  dotonaticm  larohlaao  without  rollaneo  on  aaplrloal  wmluoo  dorirod  froa 
•xploaion  aoaouroaonta .  Ona  ouoh  solution  ia  raportad  on  hara.  Tha 
h7dro<j(pMadaal  aquations  of  aotion,  which  ooostltuta  a  sat  of  nonlinaar 
partial  diffarantlal  aquations,  wars  intafratad  bj  a  nuaarieal  pqrocadura 
on  a  hi(h  spaad  alaotronis  ooaputar.  Tha  propagation  of  shoek  disaontinuitiaa 
was  handlad  bj  a  eoHsen  for*  of  ths  artifioial  Tisocaitj  taehnlqua  of  aoa 
MausHDn  and  Riehtaorar/^^  as  usad  in  oarliar  work.^^^ 

Tha  initial  sonditioos  for  this  partioular  blast  oaleulation  wars 

approjdnatalf  thoaa  of  tha  osntarad  datonatioa  of  a  bars  sphara  of  TIT 

of  loadir^  dansitj  1.5  g/en?  as  spacifiad  bgr  tha  datonation  wars  daaorlptions 

of  Tajlor.^^^  Tba  aquation  of  stata  of  this  TVT  was  aodalad  aftar  that  of 

Jonas  and  Killar/^^  whila  tha  aquation  of  stata  of  air  was  a  fit  to  ooaputad 

(8) 

data  of  sararal  authors  but  prlnarllj  that  of  Oilaora'  and  of  Rilssnrath 

(9) 

and  Baekatt.^^^ 

Tho  raaults  ahow  elaarlj  tha  datails  of  tha  nala  shook  in  air,  ths 
rarafaotion  into  tha  high  axploaira  gasaa,  tha  saaond  shock  (ons  which 
follows  tha  rarafastion  wars),  and  Tarlous  subsaqusnt  raflaetions  and 


-  j  i 


Copy 


ABSTRACT 


‘  Th«  blMt  fro«  th«  d*tx)n*tlon  of  «  aphorioad  oharga  of 

TNT  ia  daaoribad  baaad  on  raaulta  nf  a  miaarioal  o^oulatlon.  Tha 
•cpiationa  of  notion  and  tna  aquatloxv;  of  atata  for  TNT  and  for  air  ara 
daacrlbad.  Tha  praaauraa,  danaltlaa,  taaparaturaa  and  ralooltiaa  ara 
datallao  aa  funotlona  of  tlaa  and  radlua.  Spaoa-tiaa  ralationa,  and 
anargy  and  lapulaa  hiatoriaa  ara  ahown.  A  aaoond  ahook  la  aaan  to 
orlglnata  aa  an  Inplodlnc  ahook  follo*riLr^  tha  InMard  rarafaotion  into  tha 
axploalon  product  gaaaa  and  a  aarlaa  of  aabaaquant  adnor  ahocka  ara  aaan 
ic  appaar  in  a  almllar  mannar,  aorlng  out  In  tha  nagatira  phaaa  bahind 


tha  aaln  ahook. 
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of  th*  ■•oond  shook  bstwosn  ths  origin  sad  ths  oontsot  surfsos. 
Ccwpsrison  vlth  ^h*  rosults  of  s  asss-lsss  polnt>soiiros  explosion  iUustrstos 
ths  lasting  offsets  on  ths  blast  wars  of  ths  Initial  huis  azxl  onsrgj 
distribution  in  a  high  socploslTO  dstonatioa. 

II.  EQUiTioio  or  Hono* 

Ths  sqoatloai  of  aotlon  aajr  bs  soeproosod  in  a  LagrancMn  fora  vith 
ths  iadspoDdont  Tarlablos  being  ths  tias  (t)  and  a  asM  eoordlnate  (Z) 
where  1  is  defined  as  I  •  the  aasa  per  steradian)  for  which 

is  the  initial  densitj  of  the  gas  and  r^  its  initial  radius.  The 
hrdrodTnaads  equations  for  spherieal.  sjeeistry  aay  then  be  written  as 
foil owe  I 


r  di* 

oomervmtlon  of  aasst 

(1) 

oonaerratlon  of  aoasntua} 

(2) 

.  X  ill 
■t  2  df 

r 

eons srrat ion  of  energy; 

(3) 

P(K,p), 

ealorie  equation  of  elate | 

U) 

T(E,r), 

theraal  equation  of  state; 

(5) 

1 

9 

definition  of  pertiolo 
reloeitjri 

(6) 

in  whleb  r  is  ths  dmeltp,  I  Is  ths  radial  position,  u  is  ths  partiols 
Tslooitj,  P  is  ths  presstu^,  z  is  ths  intsnml  sosrgj  snd  T  is  ths 
tSBpsrature. 


W-- 


%  S 


i 


i 
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It  is  ooQTHkicnl  to  r#duo9  thM*  •i]u&tioD*  to  &  dlJMiMiloiiI.MS  set 
which  th«n  mmj  b«  appdlod  to  any  tniti*l  total  atMixT  (w)  ai*l  any  initial 
pro-ahook  condltlona  (P^,  thoaa  aiablant  uaita  ar« 

ralatad  aa  follow* i 


- 


"o' 


f  Tr^  7^  “  <V 


o  o 


o  o 


(7) 

(a) 


^  7  p  c  ‘‘r 

c2  .  -SL2  or  -  T  -  1.4. 


(9) 


DaflnlivE  th*  following  r«()ucod  variahlM, 


.-P/P, 
^  -  Vr, 
3  -  u/c 


c  - 


e  -  tA, 


\  -  r/^ 


(prMttir.  In  ttao«) 

(damity  rolatlr*  to  Miblaat  air) 

(■aas  or  partlola  apood  Maoh  Ro.)  (lO) 

(intamal  anargy  ralatira  to  aablant  air) 
(taaqMraturo  ralatlr*  to  atandard  taap., 

(raduoad  radlua) 


X  - 


X  -  r„/a 
o  0 


3  .  ^liL.  .  i  fji 


O 


(■aaa  unlta) 


(raduoad  tlaa) 


V2t«-S8 

-  U  - 


th«  •quatlorw  of  aotlon  b«oaM 


n  3  o* 

(11) 

o 

(12) 

^  -1.  3 

(13) 

(U) 

It  will  b«  ooirr«nlwit  to  writ*  tha  •quation*  of  atata  in  atill 
anothar  fora. 

0  •  •  3{i,»»),  whara  t  -  a/n,  (15) 

and 

*  -  (1^-  1)  (a  (^)l  ►‘(•*t)»  t  -  In  n.  (16) 


Ualnf  thia  axpraaaion  (h^q.  (16))  for  c  In  Eq.  (13)  laada  to  tha  following 
fora  of  tha  anargjr  aquation  i 


ijL 


(u  - 1  • . 

c» 


(17) 


In  ordar  to  tauaarloalljr  ijAacrata  thaaa  aquationa  froa  aoaw  aat  of 
initial  eondlticna,  thaaa  aquationa  auat  ba  raplaoad  bgr  an  approprlata  aat 
of  diffaranoa  aquationa.  Dataila  of  tha  diffaranoa  aquationa  and  of  tha 
anaarioal  prootdura  foUowad  in  aolriz^  thra  ara  arallabla  alaawhara^^^^ 
and  ao  will  not  ba  rapaatad  bara. 


III.  iQUAnOMi  or  STATC 
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Th*  two  fUnotiom  ajid  which  crc  ordln&rilj  dctcmincd  by 

•quctioi*  of  stctc  dcta  arc  not  CRtircly  independent.  A  rcoiprooity  relation 
exlsta  whloh  placee  a  oonatraint  on  theee  functlona  In  order  that  they 
satisfy  the  second  law  of  theraodynaaica .  For  purely  bydiodynaaloal 
oonsi  derat  lone,  howerer,  there  le  no  need  to  obeerre  this  restraint  since 
the  theraal  equation  is  superfluous  to  the  equation  of  notion.  In  such 
oases  where  th*)  tesqnrature  le  eoupled  to  the  hydrodynamics,  e.f.*  as  by 
radiation,  heat  eonduotioo,  or  heat  diffusion,  it  should  be  neoeesary  to 
obeerre  the  reolprooity  restriotlon.  The  analytic  forsw  introduced  In 
the  followlnc  ere  intended  to  snke  cuoh  e  constraint  Ises  difficult  to  coaqply 
with  In  fitting  the  two  equations  of  atate. 

Choosing  as  our  independsnt  rariables  s  •  a/h,  and  (  *  In  h.  the  second 
law  In  the  fora 

ds  -  where  r  -  (18) 


beoones 


r  T 

-Pd. 

o 


2S(s,t)  \ 


dt  ♦ 


cl :  d.  V .  It  (19) 

»  V  t 


f  I 

.1.  u 

i  2S  \  ■  ‘t 


-I  i"'  *4,  f**' 


da, 


and  in  order  that  ds  be  a  perfect  differential,  the  following  reciprocity 


relation  noat  holdt 
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IL  I  ^  .1  « id 

L  23  \olj^  3  ,  <H  I  23  2»s  J  * 


to  within  10  p«r  o«ni  in  th«  dwMity  rnnge  of  intoroot  th«  fonotion 
ti  can  r«prMi«nt  th«  thonMl  proportiM  of  air  to  a  funstlon  of  a  alMM 
( indapandant  of  t  )•  Furthanaora^  tha  fUnoiion  ean  fit  tha  oalorie 


propartlas  to  ttM 


aoooraoj  with  tha  form 


In  this  oaaa,  than,  tha  raolproolty  ralation  raqulraa  that 


(a)  - 

^  S^aS 


Tha  aquation  of  atata  of  air  data  wara  takan  froai  Raft.  11,  12  and 
13  and  wara  aubaaquactl^  rarlaad  to  tha  lataor  informatlcm  of  Rafs,  8  and  9, 


Tba  flta  uaad  ara  aa  followai 


^  •  Q  •  a  S(a) 


3(,, .  -Mi— .  —afifij — 

1000  ♦  a*  7500  ♦  16.5  a 


r  (V 

X  •  c  .  — a— a  (^_1) 


-  ♦  0,09  (hq-  ►*2^ 


.  I.*.Jk 

^2  1000  y  ♦  1 


F-97l> 


wh«r«  y  •  1 
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'‘o 


1  ♦ 


♦  3  ^  ma-Tir 

ZWfmyhW  ♦  1  3ooQr^^i 


«  23^U“y)j  «  U.MQa^,)y 

9  X  loV^*  1  12  X  10>*4  1 


£ga4tlOD  of  SUt*  of  TI?T 

It  lx  MOMMiy  that  tb«  8«tonXlioii  prodoots  har*  an  Intamal  mnmrgf 

plua  klnatla  wargy  aqual  to  tba  nat  anarpr  ralaaaa  togr  ehaaioal  raaotlen. 

(7) 

Jonas  and  Millar^''  iadloata  a  nat  apargy  ralaaaa  of  2^7.9  K  Cal/aols  of 
T)lT  (at  1.5  gs/ee  loading  danalty)  aftar  tha  gas  produeta  haaa  axpandad 
to  nora  than  thraa  tlnas  tbalr  initial  aolvM  and  tha  taaparatura  has 
droppad  baloy  1600^K  (for  this  loadi^  danalty). 

At  tha  datonatlon  front  tha  ehaadcal  anargy  ralaaaa  la  288.6  K  Cal/xol* 
of  TVT,  Part  of  this  anargy  goaa  Into  tha  forRJUc  of  aneh  gaaaa  aa  earboo 
■onoxlda  vhiflh  Incraaaaa  rapidly  bahind  tha  fkont. 

Tha  aolar  ▼oloas  at  tha  datonatlon  front  la  glran  ly  Jonaa  and  KlUar 
as  117  oaP  ahlla  tha  danalty  la  2  gi^en^,  ao  that  tha  aolaoular  walght  la 
234  gas. 

Tha  Intamal  anargy  la  glran  approxlaataly  (by  Jonaa  and  KlUar)  aa 

E  -  0.0875T  -  38.0  ♦  . .  (25) 

whara  T  la  In  dagraaa  Kalrln.  and  1*  la  tha  nonbar  of  nolaa  of  gas  par 
nola  of  TXT.  a  mbar  that  goaa  from  5.8  at  tha  datonatlon  front  to  7.0 
whan  tha  oonpoaltlan  baoonas  fixad.  la  glTso  as 

•  -  2  **  3  1000  kg  ea^K>la 


•  ••$ 


(26) 


r-vi'v 
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wh«r*  «  -  -  O.lOk,  d  -  2.33  x  10“^  •»!  p  1*  la  1000  wrltli^ 

In  K«al/Bol«  TOT  sad  p  in  atJMMpbarM  (p/p^  •  »),  b«oo««i 

-  (.0234)  i  5.564  X  10^  -  1.72  x  loT^^  ^  . .  (27) 

Th«n  E  la 

E  -  O.Oe75T  -  30.0  ♦  r  (0.0234) (5. 564  x  10“^*^-  1.72  x  10*^V) 

(28) 

,  Koal^Kl*. 

At  tte  datOMtlon  frtmt  vh«r«  T  *  3400^I»  «  •  15.665  x  10^  ataoa,  and  I*  •  5.8 
th«  manty  •quala  355.07  Koal/<"ol«  TUT  Moordlag  to  ihia  aoqrooslon.  Etm 
vithoui  tho  K*E^  tom  it  glTM  259.5  KooI/mIo  TIT  la  oofllnat  to  tho  atatod 
288.6  Keal^Ml*  TOT.  P>irth«raor«  this  form  glrm  nagatlT*  anarflM  bolotr 
430®K. 

Tor  t)Mi  aaka  of  hgrdrcxItjniaMio  oaloulatlon  It  la  laf>ortaiit  to  hava  tha 
aoiroot  total  anorgr.  It  la  alao  doaimbla«  but  loaa  laportant  for  lator 
atafoa,  to  hart  It  diatrlbutod  appraoclMtalj  oorrootlj  laitiallgr.  It 
would  bo  aeomlaot  to  hara  tho  Intanial  aoargj  aoOTpatibla  with  tha  Idaal 
gaa  bohawlor  of  tha  alxtura  naar  ataadard  ataoaphoro  oonditlona.  Thia 
lattor  eonaidcration  la  aatlafiod  tgr  an  anoru  that  naar  atandard  oonditlona 
appreaohaa  tha  Idaal  gaa  axinraaolon. 


whoro  T  la  tha  aaaa  aa  tha  adlabatle  t  whleh  In  thla  oaaa  la  T  >  1.27. 

o 

Thla  la  appro]djaatol7  aatlafiod  by  allowing  E  to  go  to  1.5E^  •  2.94  x  10' 
arg/ga  at  ataadard  ooadltlona. 


On«  can  Msur«  th»  corr^tn—t  of  th«  total  •twrjj  by  addli^  up  the 
Interml  atvi  kinetlo  enerflM  In  the  hytlro<tynaiiic  field  at  a  tijae  when 
the  coapoeitlon  haa  beeoM  fixed. 

If  one  were  to  atari  a  blast  oalculatlon  fron  a  detonation  ware  at  the 
instant  the  det<mation  ware  reaches  the  surface  of  a  spherical  eharse  of  TVT, 
then  he  would  find  that  none  of  the  resulting  pashas  reached  a  fixed 
ocwposltlon.  In  that  case  the  totcl  energy  in  tim  field  should  Lie  sosMwhsre 
between  the  oh^aical  energy  arallable  at  the  detonation  front  ano  the  net 
ch«lcal  Wisrgy  released  when  eonpoeition  beoonce  fixed,  l.e.,  between  kB8,6 
end  247.9  Koal/»ols  TJfT. 

Using  the  equation  of  state  as  glren  (Eq. (283)  and  the  oondltlone  behind 
the  detonation  front  as  specified  by  Sir  Tsylor^^^  (Table  2,  Ref,  6)  and 
STeraging  oeer  the  a»se  distribution  of  the  spherical  charge,  the  total 
energy  per  nols  of  TKT  can  be  oosiputed. 


E  ■  *  L  •  H  •  » 

tot  kinetic  internal  1 

1  ,  i 

Kry^dy  '  ry^dj  •  209.8  Koal/W»le 

'o  -"o 


(30) 

(31) 


where  y  -  t/K 

1  /  1 

\  "  2  !  fT^dy  -  11.90  Koal/»ol*  (32) 


tot  -  221.7  Ecal/nole,  (33) 

This  latter  total  energy  is  lees  than  the  net  eneror  releeeed  and  so 
would  sssa  to  be  incorrect,  or  st  least  undesirable. 
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By  •rbitrmrUy  li»or**ainf  th«  •ddltlr*  t«ni  Ln  E,  »o  that  E  bMOM« 

E  -  0.0875T  -  7.46  ♦  lf»E^  Koal/»ol»  TW,  (34) 

th«  fifxir«  for  would  boooao  252.3S  KoaI/idIo  TVT  and  at  tho  hum  tiao 
tb«  •D»rB7  at  standard  tasporators  (273*2^K}  baeosMs  16.44  Koal/vol*  TVT 
whloh  is  ss  dsoirsd.  On  tbs  othsr  hsad.  this  will  raiss  ths  snsngy 

rsisassd  at  ths  dstonatlon  front  bgr  a  oorrsspondlnc  aaount.  vhsrs  vs  havs 
alrsndy  sssn  this  fifurs  to  bs  too  hi^h  tgr  tbs  prsrious  fora  for  E 
(Eq.  (20)).  Sinos  an  insorrsot  total  sosrfj  would  sosa  to  bars  sors 
lasting  offset  than  as  inaorrset  initial  distribution,  ws  wsrs  inolinsd 
to  aosspt  this  azbitrarjr  altsratloa  aed  eonpots  aooordinglj. 

Ths  sxasasirslj  high  snsrgiso  osar  ths  dstonatioo  front  could  bs 
rsdiMsd  by  lowsrlm  ths  prsssurs  or  raltiag  tbs  dsmitjr  thsrs.  and 
eorrsspendiqgly  but  to  a  Issssr  sstsot  at  points  bshlnd  ths  front.  5ueh 
sapirisal  adjustsisnts  of  parsaotors  ars  diotastsfbl  at  boot  and  nssd 
alwajs  bs  dons  with  oars  so  that  snsTgiss  sad  dansltlss  r—sin  in  thsir 
proper  proportiorw.  This  partioular  squatioa  of  stats  is  itsslf  an 
Mpirieal  rslatioa  iatsndsd  otdj  to  approxiaats  ths  sf foots  of  oloss 
paokii^  on  ths  gas  uolooulss  through  tbs  hlghsr  order  prsssurs  tsras 
(whars  no  tssq>srst«rs  dspsndsnss  has  boon  sssignsd  to  ths  oosffieisnts  of 
thMs  prsssurs  tsras).  CoussqusoUj.  ws  hars  slsotsd  to  Isars  ths 
prsssurss  and  dsositiso.  as  dssoribsd  bj  Sir  Taylor UMhangsd.  and 
to  altar  ths  intsrtial  snorgy  by  ths  ooostant  factor  (as  in  Eq.  (34)). 

This  results  in  apprsadastsly  ths  oorrsot  sTsrsgs  snsrgy  psr  aols  of  TVT 
in  tbs  detonation  wars  and  leads  to  s  siapls  fora  for  oooditions  near 
standard  air  dsoslty  and  tsnpsrsturs.  It  dess,  howorrsr.  Isad  to  a  spurious 


•  of  llttl*  coi»»qu«nc«  JLn  ih*  ••irlx  portion  of  th«  •xploalon, 

I'* lag  th»  *0X1*1100  of  *1*1*  frott  Jon**  *nd  Ml.U*r  *•  BKxllfl*d  In 

1 

Q.  i%),  *nd  dlrldlng  bj  Ih*  litt*m*l  «n*rg7  of  *ir  *1  itAndArd  condition*, 

/  Q 

v  -  1.96  X  10'  Tg/gm)  th*  lntem*l  *n*rgy  1* 

t  -  (*0  -  b  ♦  o*S»  -  drV)/f 

-  (aaS(»)  -  b  ♦  c*^S»  -  daW)/*;. 

Al*o,  bgr  dofinltion,  and  c  *r«  r«l*t*d  ** 

o*Ti^*  -  (36) 

a..^  -  J  ♦  cTiSj*t  -  2d*^V.  (37) 

Tti***  «xpr«*aiona  *r«  *  littl*  euab«niopM,  ao  alnc*  th*  form  of 

along  th*  partioular  adlabat  follovad  bj  nuch  of  th*  H.L.  la  Yeiy  aiaiplj 
fit  hj  th*  analjtical  fona 

.*^r,  —  •  ♦  (3fl) 

a  -  1.176, 
b  -  52,4892, 
c  -  7.300, 

thlf  aiaplar  fora  va*  lncorporat*d  in  th*  caloulatlons  with  th*  understandii^ 
that  it  1*  Talld  onljr  for  a  part-icular  loading  danaity  of  TMT  (pjg"  1.5  gia/oc) , 
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Tli«  tvrmmr ,  mortt  f*n*ral  for*  shtmld  b«  appl  Icabl*  for  a  Tarlaty  of 
danaitlaa.  Howarar,  Jonaa  and  Millar  do  not  atata  that  thalr  approxiaata 
for*  for  tha  Intamal  anargj  la  ralld  for  axploalraa  othar  than  TMT, 

Th*  ipprsxi**!-*  tamparatxira  (O)  In  unlta  of  atandard  air  taoparatura 
(T^  -  273. 2°K).  ®*y  ba  ooopvtad  for  tha  TMT  gaaaa  by  tha  font 

Q  -  aS(a),  S  -  U  (9.65  ♦  a),  (39) 

In  tha  ran^a  of  a  battraan  datonation  oonditlons  and  aabiant. 


IV.  IKITUL  COIfniTIO!«B  AW)  3CAUm 

Tha  oondltiona  in  tha  datonation  wava  at  tha  inatant  that  tha  front 
raaohaa  tha  avurfaca  of  tha  bara  apharioal  oharfa  of  TVT  wara  takan  to  ba 
thoaa  praacribad  by  Taylor  aa  ahown  in  Raf  *  6,  Tabla  2.  Tha  oondltiona 
in  tha  air  axirrounding  tha  charga  vara  takan  aa  atandard  aaa  laral  air 
oondltiona I 

-  1,01375  X  10^  (tynaa/e*^ 

-  1.293  X  lo"^  grwma/cwr 
0^  •  33»136  oV**e 

-  273.2 
o 

Tha  unlta  of  tha  problan  parmit  aaay  aoalinc  to  othar  ataoapharaa 
and  to  any  aaargy  or  oharga  siaa,  but  oinca  tha  initial  oonditiona  for 
tha  high  axploaira  ara  axpraaaad  in  tha  aaaw  unita,  any  ona  aolution  oan 
only  ba  soalad  to  othar  ataoapharlo  oonditiona  with  an  aooonpahying  and 
proportional  ohanga  in  tha  axploaira  and  datonation  wara  oonditiona.  Thia 
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!•  BJi  unATol/fAbl*  liiK^.t-Ation  alnr*  in  u)j  chanlc^  axploslTa  cl9t>onAtlon 
th»  bl&at  WAT*  will  bw  ItvTluwnowd  by  thw  initial  mmc  out  to  ▼•ry  low 
pr*««ur*  1«v«1b — until  »uoh  shook  ndll  «•  would  Bx^ulf  a  oaas  of  air 
roughly  t«n  tiM«  th*  of  th*  «acplo»iT*.  For  a  aph«*a  of  TOT  at  aaa 

Irral  thli  would  aaan  roughly  2?  charga  radii,  or  out  to  an  orarproaoura 
of  flra  at’Tioapharaa  or  about  70  pal.  As  will  ba  aaan  in  tha  naoct  saotion 
l)  this  diatanoa  is  about  tha  dlstanoa  whara  the  orarprasaura  daoay 
rata  baooaas  that  of  tha  point  souroa  blast  wawa.  In  tha  thlnnar  ataK>aphara 
at  uOfOOO  fast  altituda—for  axaapla,  tha  oorraaponding  diatanoa  whara  tha 
shook  has  angulfad  a  oaas  of  air  tan  tiaas  that  of  tha  axploslra  is  siora  Ilka 
36  oharga  radii,  and  tha  orarpraasura  thara  la  a  aaxima  of  17  pai.  As 
a  raault  of  this  awiss  affaot,  only  at  diatanoaa  graatar  than  tha  radius  at 
which  a  aaaa  of  air  of  tan  tlnaa  tha  initial  aasa  has  baan  angulfad,  la  it 
raaaonabla  to  aoala  thaaa  raaulta  by  tha  vunual  (Saeh*a)  aoallng*  At  point# 
naarar  to  tha  axploaion  tha  affaot  of  tha  initial  taaas  should  prarant  alaqpla 
aoalij^. 

t 

^an  tha  axploaira  loading  dsnslty  is  seal  ad  by  tha  aaias  factor  as  tha 
anbiant  air  danaity  tha  raaulta  of  thla  oaloulatlos  should  again  ba  appllcabla, 
As  at  AC, 000  fast,  tha  aoalad  raaulta  should  ba  approprlata  to  a  TOT  aphara 
of  loadli^  danaity  of  .375  g/oa^  if  such  an  axploaira  oould  axlat. 

V.  RESU1T3 

Tha  paak  orarpraaatira  aa  a  function  of  shook  radius  ia  shown  in  Fig.  1. 

It  ia  Intaraating  to  oota  tha  ooapariaon  with  tha  thaoratioal  point-sourea 
raaulta  for  and  for  an  Idaal  gas  of  T  -  1,4,^^^  Although  at  no 
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•t«4*  4r«  tha  TST  aad  polxrt-aoiiro*  in  air  raaulta  th*  sajm,  thalr  alopa* 
at  larga  dlatf&noM  (X  1)  bwiOM  ■ImULar.  7ha  idMd  gaaf  point— sotirca 
curr*  ohova  hlghar  proaonro*  at  iho  bom  dlstojMoo,  oinc*  tho  Yorious 
dlaoooiationa  and  ionlsotiono  of  ooloeuloo  and  otoM  In  high  tofiaroturo 
air  noar  tho  ooaroo  tood  to  roduoo  tho  blaot  offieioooy  in  rool  air.  3ineo 
tho  TIT  oouroo  dooo  not  ohook  air  to  oxtroM  iooq;>«raturoo  (Tc  9000®E)  Ito 
lot  or  profHoo  indieato  a  frootor  blaot  offlolonsj  than  tho  point-oovo^o 
la  air. 

Oraaotraia  hao  proparod  a  poak  OTorproooura-diotanoo  eurro  for  THT  of 
loodinf  doMitjr  1.52  whlah  ho  ostiaatoo  to  bo  ralid  to  within  5  por 

coot,  and  vhioh  ha  otatoo  is  in  acTtiont  with  tho  aoot  roliablo 
oboorrmtiono.^^^  His  evnro  (Fig.  25  ot  Hof.  3)  aboro  tho  ounro  for 
TVr  in  Fig.  1  bjr  abovt  5  p«r  ooot  in  raditao  oat  to  a  X  of  about  1.0,  b«grond 
whioh  it  dorlaioo  slightl/  aoro.  This  io  a  ratbor  aodoot  diaoropaaop  but 

'  i 

It  noTortholoso  Mam  an  aYorago  blaot  ooorgjr  offloioM/  of  oaoo  16  or  17 
par  ooRt  grootor  for  tho  Qranotrda  ourra. 

Tho  doriatioa  in  tho  loot  portioo  of  tho  prooouro  ourra  (X  >  1.0)  is 
attrlbutablo  to  iMocaot  troatMots  in  tho  maoorloal  proooduro  usod  for 
doublinf  and  adding  sottoo  during  tho  lato  otogoa  of  tho  ealoulation, 

Figuro  2  io  a  plot  of  tho  poak  moo  rolooitF  tho  partiolo  Maoh 

Rvabor  (0  *  tbook  and  tho  shook  oror-Tolooitj  or  shock 

Haoh  nuBibor  in  ozooss  of  Moob  om  !  B-1  -  (U-C^)/C  j  rorsuo  shook  radius 

o  o 

for  tho  mIh  shook.  Figuro  2  also  inoludoo  a  siailar  plot  of  tho  shook 

<=o  ^s 

ooHoroosioc  (h  -  1  -  -  1)  and  tho  shook  oror-tooporaturo  (=*  -  1  -  ®  -  1) 

•  *  A  ■ 
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▼•r»ut  thocV  mdiu*. 

ih«  pocitiona  of  t-s*  sAin  and  •ub«*quttnt  shooka  Aa  wall  aa  th* 
contact  irurfaca  aa  functiona  of  tijoa  ar«  Indloatad  In  FI4.  Tha  ■•oond 
•  r»ock  follovt  a  rarafaotion  wara  into  tha  TITT  gaaaa.  It  atArta  »rith 
*aro  atranfth  and  grovs  aa  It  aoraa  Inward  thru  thaaa  gaaos.  It  la  awapt 
®^'*^***^  apaca  until  tha  axpansion  of  tha  hlfh  axpiiloaiTa  prxxtucta  la 
naarlj  axhauatad,  than  it  l*jxlodaa  on  tha  origin  and  ia  raflaotad  outward 
to  tha  contact  aurfaca.  At  tha  tiiM  it  atrikaa  tha  contact  aurfaoa  batwaan 
tha  TNT  gaaaa  and  tha  air,  tha  TW  gaaaa  ara  atlil  oora  daoaa  and  such 
ooolar  than  tha  air  liafllatalj  outaida,  (  a  condition  which  la  gaoarallj 
trua  at  anj  tiM  ),  Aa  a  oonaaquanoa,  tha  ahook  In  pacalng  through  tha 
aurfaca  aata  up  an  Ixward  rarafaction  wara.  Thia  rarafaotion,  Ilka  tha 
icdtial  rarafaotion,  ia  followad  bj  a  third  ahook  norlng  iiward.  This  shook. 
Ilka  tha  sacond  laplodaa  on  tha  orii^in,  raflaets  and  aoraa  out  in  tha  waka 
of  tha  prariotva  ahooks.  Tha  auooaasion  of  shocks  oontinuss  in  this  fashion 
until  tha  anargj  in  tha  azploaion  product  gasaa  is  disslpatad. 

Tha  origin  of  thaaa  InMard  facing  ahoeks  liaa  in  tha  naoasaltj  for  a 

ocaqpraaBion  vara  at  tha  junotura  batwaan  a  spharioal  rarafaction  wara  aorii^ 

a 

awaj  frcNB  a  apharloal  ahook  wara.  No  auoh  condition  axista  in  a  plana  ahook 
tuba— but  quita  in  ganaral  (not  juat  in  datonationa)  a  apharical  shock  wara 
frcat  a  aoures  of  flnita  rolma  ia  baokad  up  to  a  rarafaction  wara  ■OTitN[ 
ijarard,  and  tha  nagatira  praaaura  gradiant  of  tha  rarafaction  Jolna  tha 
poaitlra  gradiant  of  tha  ahoek  through  a  ooa^praasion  wkioh  growa  aa  a  ahook 

3araral  ** apharloal  shook**  tuba  tjpa  axparinanta  hara  baan  oonduotad  fagr 
a  group  undar  I.  I.  Glaaa  at  tha  l^raraltj  of  Toronto  Inatituta  of 
Aarophr*ia»i  thia  author  haa  prorldad  aoaia  oorraapondir^  resaarlcal 

aolutiona— all  of  which  exhibit  inward  ahooks.  (Raf.  I4) 
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*•  th«  r«r*faotlx)n  der^Iop*.  In  oth«r  th*  thookiKl  aIt,  which  i« 

left  at  a  liifber  aniropT-  than  the  air  or  gasw  in  th#  Initial  high  proaaura 
rafioQ,  amat  be  Joinod  to  Uiaaa  lowar  antropj  gaaoa  at  tba  tail  of  the 
rarafaction — and  it  can  do  ao  oolj  tgr  aandinc  shook  into  it.  Aa  tha 
dlffaronea  in  tha  state  of  those  adjaeant  gasso  inoroasos  with  the  growth 
of  the  rarofaotion,  tha  Joining  shook  grows  proportionatolx. 

Thaos  soboidiarj  shooks  follow  tho  aaln  shock  at  ouoh  a  tiM  and 
distanoo  that  they  are  behind  tho  nlnlaiM  of  tho  nocotirs  phase  and  do  not 
oonrorga  on  or  Join  tho  aain  shook,  for  a  hotter  gas  explosion  whore 
thsoa  shocks  would  mts  out  oarlior-«it  is  possible  for  than  to  orortako 
and  Join  tho  nain  ahook  and  so  disappoar. 

Tho  oaorgjr  in  tha  detonation  wars  is  distributed  as  ninstjp-fiTO  per 
oacit  in  internal  anorgj  or  potential  (pr)  energy  and  firs  p«r  osnt  in 
kinotio  snarer  of  dirsotsd  action.  As  tho  rarefaction  into  tho  donas  KHI 
gases  dsrslopoa,  tho  dynaaio  notion  or  kinotio  ansny  inoroaaso*  roaehing  a 

of  bettor  than  sixty  par  osnt  before  dissipation  in  the  shook  heating 
rsduoos  it  again  to  a  low  ralua.  This  changing  dirlslon  of  energy  bst«rssn 
kinotio  and  intomnl  is  iUuotratsd  in  Fig.  ^ioh  shews  the  partjition  of 
energy  as  a  funotion  of  tisw. 

Figures  5  through  6  show  the  history  of  the  partisle  rslooities  as  a 
function  'jf  radius.  The  tlsM  is  oonaidsrsd  to  be  ssro  at  the  instant  that 
the  detonation  mre  reaeheo  the  eurfaoe  of  the  TUT  ephere.  The  reloeitlee 
In  the  detonation  ware  (tiae  ctfo)  aitd  at  a  few  tijwa  iBsedlately  after 
tiJM  aero  are  shewn  in  Fig.  5.  Farly  erldenoe  of  the  seeond  shock  appears 
Just  ineida  the  eontaot  stnrfaae  aa  e  snail  Jtsap  in  relooity.  This  seooad 
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•hock  Clin  h*  ••♦n  to  grow  In  aagnitud*  *jr>i  to  r«o*d«  InMinl  froo  th«  oontAot 
Burfac#  (Ftb*.  •;  ajiiCl  O.  At  »pproxis*t«V7  i  -  O.I36  th*  ••.lond  tliock 
r«ach*#  th«  origin  and  ia  raflaotad,  ao  that  In  Fig,  6  It  la  shown  awrlrg 
out  want. 

A  r&thcr  ooa[|>lljat*'J  sariaa  of  shook  roflaetions  and  rofraotlons  can 
bo  traosd  out  In  Fig,  7,  roaultlng  In  ths  gonoration  of  a  third  and  fourth 
shook.  Tho  aarllsst  curro  in  Pig.  7  shows  ths  ssoond  shock  Just  aftsr 

I 

haring  brsaohsd  tho  oontaot  surfaes.  Ths  next  ourrs  shews  a  third  shook 
BMoring  Inward,  and  ths  subssqusnv  ounrss  pioturs  this  third  shock  Boring 
out  bshlnd  ths  ssoond  and  first  shocks,  gsnsratlng  a  fourth  shock  in  ths 
procsss. 

In  ths  last  rslocitj  plot  (Fig.  d)  thsss  first  four  shooks  oan  bs 
soon  to  oontixais  sxpanding.  Bscauas  of  ths  difficulty  in  dlatli^:uishlng 
further  shocks,  no  attwapt  was  sads  to  indiosts  angr  aors  than  thsss  first 
four  shocks. 

Pressures  as  a  function  of  radius  st  sslsotsd  tljsss  are  shewn  in 
Figs.  9  through  12.  In  ths  first  of  thsss.  Fig.  12,  ths  first  shook  can 
bs  seen  to  start  at  about  l,OC  ataos~far  below  ths  200, CXX)  atsios  of  ths 
detonation  wars.  Isnsdlataly  bahind  ths  oontaot  surfaos  ths  ssoond  shook 
appears  and  grows  in  strsi4[th  as  it  is  forced  outward  by  ths  expansion. 

Aftsr  ths  rarefaction  has  reduced  ths  high  interior  pressures  to  less  than 
one  tenth  of  an  ataosphsrs  this  second  shock  begins  to  bots  in  on  ths  origin. 
Until  this  shock  rssohss  ths  origin  ths  pressure  inside  oontinuss  to  drop 
because  of  ths  oontiming  rarefaction,  reaching  soeksthing  Ises  than  0.08 
staos  before  bsii«  hit  by  ths  sscood  shock.  Figure  10  shows  pressure 
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profil*#  b«for*  «vd  *ft»r  th«  latplo«ion  of  this  irward  ehook. 

Tigiirm  11  shov*  aor*  of  th*  Qoaq:xll  cat  ions  dua  to  th*  oraation  of 
rcpaatad  llttla  shocks.  Afain  no  attaept  is  aada  to  indioata  shocks  aftar 
tha  fourth  ona,  altho^h  thara  is  raason  to  baliara  that  such  subsidiary 
shocks  oontlsua  to  fora  in  a  sisdlar  aannar. 

Tha  history  of  tha  danaity  profilaa  is  told  by  Fi^s.  13  throufh  17. 

Tha  initial  dsosity  of  tha  hi^h  axploaiaa  is  ali^hily  altarad  by  tha  passafs 
of  tha  dstonation  wars,  but  harinf  an  initial  dansity  in  this  problaot  of 
1.5  g/oo,  tbs  TlfT  dsnsity  at  tha  start  of  tha  oaloulatloo  is  nors  than  a 
thousand  tinas  tha  standard  dansity  of  air.  As  tha  TVT  gsissa  aocpand  thsir 
dsnaity  is  rapidly  dseraassd.  As  an  air  shook  builds  up  outsida  ths 
aurfaca  of  tba  Tirr  fasaa,  tha  sseood  shook  bsfins  to  frow  and  nors  inward 
bahind  tha  oentaot  surfaoa  (saa  Tig,  13).  This  ras^^lts  in  a  dansity  profils 
at  thasa  tijMs  vMoh  is  oharaotsrissd  (as  ons  noras  inward  frosk  ths  shook 
front)  by  first  a  dsorsaaa  in  dsnaity  in  the  air  dns  to  ths  sphsrioal 
sQcpansion,  ssoond  by  tha  dansity  tisoontlmlty  at  ths  oontaot  surfaoa  which 
is  shown  by  ths  suddsn  Juap  to  hlfhsr  dansity  in  ths  high  soplosiTS  products, 
thirdly  by  ths  inward  faeii«  ssoond  shock  which,  although  norlng  in  through 
tha  waaa  of  TNT  gasaa,  is  baii^  swspt  out  by  tha  gsnsrml  rarsfaotion. 

In  tha  latar  figurss  (Figs.  15  through  17)  inssts  show  tba  lowar  dsnsitiss 
laft  aaar  tha  origin.  Thla  low  density  raigion  would  arrsntuallj  rsturn  to 
■ors  nsarly  nonul  air  dansity  by  othsr  proosssss  than  hydrodynamics,  slnos 
this  raprsssets  a  bsatsd  r^ion  Isft  at  a  dsprossad  dsnaity  after  Mssntially 
all  ths  pr  work  has  bean  dons.  This  low  density  core  is  typisal  of  any 
cxplosios  which  gsnaratsa  a  strong  shock^sincs  ths  shook  than  raises  ths 
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«lr  tnd  f&«*«  to  a  hlfhar  »trotgr  at  tha  hlghar  ahook  prasauras  In  auch  a  way 
that  aora  haat  la  dapoaltad  than  oan  ba  axpandad  In  aubaaquant  axpanalon 
bahlnd  tha  ahook. 

Fijrura  18  ahowa  aoaa  of  tha  aarly  tarsparatura  profilaa  whara  again 

tha  ariatarusa  of  tha  contact  aurfaoa  a^  tha  aaoond  ahock  aoaMahat  ocatplloata 

! 

tha  piotvira.  It  ahould  ba  notad  that  taaparatnraa  axoaad  tao  thouaand 
dagraaa  KalTin  for  a  tiaa,  rlalng  as  high  as  sight  or  nlna  thouaand  dagraaa 
In  tha  air  at  tha  aarliaat  tiaaa.  Sosm  radiation  should  ba  rlalbla  froa 
this  hot  air  during  thla  tlaa,  but  not  anough  anargjr  oan  ba  lost  bj 
radlatira  procassaa  to  affaot  tha  hydrodynan-lca,  Tha  TVT  gaaaa  do  not 
axoaad  thraa  thouaand  dagraaa  In  tha  datonation  proaaaa  and  rapidly  eool 
balow  that  taaparatura  In  tha  axpanalon  phasa,  but  unlika  tha  air,  thaaa 
gasM  nay  rallata  affaetixaly  balow  two  thousand  dagraaa,  and  ao  any  gira  off 
nora  light, 

figuraa  19  through  24  show  praaauraa  as  funotiona  of  tha  tijoa  at 
salaetad  radii,  flgura  19  ia  a  log-log  plot  of  tha  prasaura  (in  ataoaptiaraa) 
Tarsus  tha  tins,  showli^  tha  ocagilloatad  tins  baharlor  of  praaauraa  at 
dlstanoaa  eloas  anough  to  ba  angulfad  hj  tha  axploaloo  produeta  gaaaa.  Sueh 
points  ara  at  radii  out  to  as  auch  aa  tan  tlnaa  tba  eharga  radlua.  At 
tbaaa  dlataztoaa  tha  saoood  shook  first  backs  though  tha  point,  than  ooeiaa 
baok  in  paat  that  point,  and  aftar  iaqploding  finally  ooaaa  out  again.  Tha 
third  and  fotorth  shocks  can  also  ba  aaan  going  In  and  eosdng  out  again, 
sines  by  than  thaaa  radii  all  11a  inaida  tha  eontaot  aurfaoa.  Plguraa  20 
through  24  show  a  aors  eonrantlonal  orarpraaaura-tlxta  history  In  wliioh  tha 
Bsln  shock  Is  foUowad  by  a  nagatlrs  orarparassure  phaaa  on  tha  bank  of  which 
tha  saeood,  third  and  aubaaqusnt  shocks  appaar. 


Th*  duratiowi  of  pooltlr*  ph«a«a  of  ovarprooauro  and  rolocitj  a*** 
thown  In  rig.  2*. 

?l4:ur«  y  abowa  tha  poalMTa  inpula*#  for  tha  orarpriNiaura  and  for 
tha  d/naalo  poraaaura  aa  funotiona  of  tha  radiua.  Thaaa  inpilaaa  ara  dafinad 
aa  follovai 


T  ♦  D* 

•  P 

,  &p  dt,  and  - 

e 


t  4  D 

a  u 


0 


dt. 


It  la  Intaraatinf  to  aota  that  tha  orarpraaaura  latpulaa  haa  a  dip  at 
a  point  that  oorraaponda  roafhly  to  tha  abook  poaltlon  at  tha  tina  whan  tha 
Intamal  anarfy  la  a  nlnlM  azal  tha  kinatlo  anarfy  la  a  mudmm.  furthawra 
tha  raglon  of  tha  dip  in  tha  orarpraaatira  Inplxiaa  la  oaa  which  la 
both  by  tha  TMT  axploalon  product  gaaaa  and  hy  tha  aacond  ahook  whUa  it  la 
baii^  dia(ffad  baakwarda  by  tha  rarafaotion.  la  a  aanaa,  tha  dip  la  artificial 
and  ariaaa  in  tha  infltianoa  of  the  aaeond  ahook  which  in  thia  ragion  aarraa 
aa  a  praaatora  and  to  tha  poaitira  phaaa. 
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noDM  CApno«a 


1.  PXAI  OniP-tnsSQKi  (.-p  -  l)  li.  ataDVpb^r**  v«r«us  SBOCX  RADIUS 

«  ®  • 

{ ^.  •  R  /ci,  a"'  -  W  /p  )  with  ooBfMkrlson*  between  TWT  end  polnt-iource 

®  w  w  O 

in  both  read  air  and  an  Ideal  gut  (7  «  1>). 

2.  3BC<CX  ^S’WED  MACH  lUIBKR  (u/c^  -  l)  In  excess  of  a^unl  speed,  PIAK  PARTICLX 

wu:h  micBXR  ('Jg/o^).  mock  ccMPRassic*  (pg/p^  -  i  -  ng  -  i)»  shock  ontp- 

TWPKRATUia;  (T  °C/T  ®K  -  •  -  1)  rereus  SBOCK  RADIUS  for  WT  Blast. 

s  o  s 

?.  3PACS  -  ?Dei  DlAORAJI  for  3hcx:ks  and  Cootect  Surface  for  TWT  Blast  (  •  tc^/a) 

{k  *  r/a). 

**.  Division  of  BLAJfT  mHfff  between  CTBiriC  (Q)  and  EmtMAL  (l)  as  a  function 
of  tlsM  for  a  nrr  blast  (l  »  Q  1). 

'  .  PARTICLE  VILOCITT  (P  •  u/c^)  vereus  Hedlus  ( ‘.  •  r/a)  at  Indicted  times  for 
a  TWT  blast. 

t.  PARTICUC  7*1001X1  (P  ■  u/c^)  versus  Radius  (  \  r/a)  at  Indicated  tines  for 
a  TWT  blast. 

I 

7.  PARTICLI  rttoerrr  (P  -  versus  Hallus  {K  r/a)  st  Indicated  times  for 

s  IVT  blast. 

6.  PAHPICLE  TBLOCTTY  (P  vereus  Hsdlua  (\  r/a)  st  indicated  times  for 

a  T»T  blast. 

9.  PRCSHJHI  (*  •  vei*eus  RADIOS  at  Indicated  Tines  for  s  TWT  Blast. 

10.  PRKSSmai  («  -  p/Pq)  ▼•reus  RADIOS  at  Indloated  Tines  for  a  TWt  Blast. 

U.  PSBSSURI  (<  -  p/p^j)  vereus  RADIOS  at  Indloated  Tlmss  for  a  ATT  Blast. 

-  p/p^)  vereus  RADIOS  at  Indicated  Times  for  s  APT  Blast. 


12.  ?ft3smsm  (« 


1*.  ''UfylTY  { Tj  -  d/p^)  ver«u»  RADIUS  *t  Indlc*t«d  Tlaet  for  »  TWT  llMt. 

1^.  Dgasm  (ti  .  p/o^^)  yor*u*  RADIUS  at  Indicated  Tttm*  for  a  TTT  llAat. 

1^'.  DSfSm  {  *)  •  p/o^)  varauB  RADIUS  at  Indicated  TlaeB  for  a  TTT  Blaat. 

V  .  DSHSm  ( 1  -  o/p^)  varaua  RADIUS  at  Indicated  TLoea  for  a  TWt  Bl*at. 

1 DHISm  {*1  -  p/pp)  versua  RADIUS  at  Indlcat^l  Tl»ea  for  a  TIT  Blaat. 

1  i.  TnrERATURK  (O  •  T/T^)  varaua  RADIUS  at  Indicated  Tlaea  for  a  TWr  Blaat. 
(T^  la  the  azafclent  air  taaspa nature  on  the  abaolute  acale.) 

ly.  PRiaSUKR  (atjsoa)  reraua  TIXl  at  four  polnta  -  all  Inaide  the  aaixiiauB 
radlua  of  the  TITT  a^loaion  producta,  l.a.,  at  ratdll  leaa  thain  that 
of  tlic  contact  surface  at  aaxlnnjB  eicpamaickD  (refer  to  rigure  5). 

j 

20.  OVKH-PWCSaURI  (.^p  -  a  -  1)  venma  TIKI  after  shock  arrival  at  a  radius 
X  -  O.yo  froB  a  TfT  explosion. 

j  21,  CVBR-PKE3iAJRS  (  ,p  ’  «  -  1)  rersut  TIMI  after  shock  arrival  at  a  radius 

>,  ■  0.669  fron  a  ‘nTT  explosion. 

?7.  OTKRPRE^SUFS  p  <•  x  -  1)  versus  TDCB  after  shock  arrival  at  a  radius 
^  -  1.52?)  from  a  TBT  explosion. 

21.  OVE^-PRtSSUPl  (‘p  -  X  -  1)  versus  TDCB  after  shock  arrival  at  a  radius 
*.  -  2.1^  fron  a  TTT  explosion. 

2k.  0TBR-PRBS3URX  (^p  •  x  -  l)  veretis  TDCB  after  ahock  arrival  at  a  radlua 
•  ^.60k  froBi  a  TKT  explosion. 
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DUMTio«  0?  poemn  piuajca  or  orBviaaauHi  (d^^)  •nd  viLocm  (d^  ) 

v«rru«  F¥U}IU8  for  •  TVT  Blut. 
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